Introduction
============

Regulation is the key in maintaining any complex phenomenon in an arrayed manner and human physiology is one of the best examples where gene expression is precisely controlled at cellular and tissue levels in temporal and conditional manners \[[@b1]\]. From a therapeutic perspective, complete understanding of the regulatory mechanisms is indispensible for genomic medicine \[[@b2]\]. A newly discovered method of regulation of biological functions by microRNAs (miRNAs), a ∼22 nucleotide non-coding, endogenous and conserved RNAs has opened a new era of genomics called microRNomics \[[@b4]\]. MiRNAs regulate protein expression primarily through base pairing at 3′ untranslated region (UTR) of target mRNAs leading to mRNA cleavage or repression of the translational machinery for protein synthesis \[[@b6]\]. The binding specificity of miRNA to its target is presumably dictated by 6--7 nucleotide sequence from 5′ region of miRNA, called 'seed' sequence \[[@b4]\], which nucleates binding to target mRNA and allows more 3′ region of miRNA for subsequent zippers up with the target mRNA \[[@b6]\]. The complimentarity of seed sequence to the target determines mRNA degradation or translational inhibition \[[@b4]\]. In the human genome nearly thousands of unique miRNAs are encoded, and they are predicted to regulate expressions of at least 30% of all human protein encoding genes thereby regulating almost all cellular functions \[[@b7]\]. Here, it is germane to mention that a given miRNA is specific of a sequence and not of a single mRNA, and this is the reason that a single miRNA can modify expression of several mRNAs \[[@b9]\]. Some miRNAs are expressed in a tissue-specific manner \[[@b10]\]. For example mir-126 is endothelial specific \[[@b11]\] whereas miR-208 is cardiac specific \[[@b12]\]. There are approximately 50 miRNAs overexpressed in mouse heart \[[@b13]\]. Aberrant expressions of miRNAs in the heart lead to hypertrophy and other cardiac pathologies \[[@b14]\]. The precise regulatory function of miRNAs is not restricted to the heart; rather it is involved in regulation of other organs like brain \[[@b16]\], gonad \[[@b17]\], dendritic cells \[[@b18]\] and many more.

The heart is the first organ formed during embryogenesis \[[@b19]\]. From embryogenesis to adult life, the heart is precisely regulated, and even a subtle perturbance in fine tuning of cardiac regulation causing either structural or functional remodelling leads to catastrophic consequences \[[@b20]\]. Despite our understanding about the biology of the heart, it is a leading cause of non-infectious infant mortality \[[@b21]\], and primary cause of morbidity and mortality in the industrialized world \[[@b22]\]. Cardiovascular diseases (the wide spectrum of diseases that affect the heart or blood vessels) is one of the major causes of death worldwide accounting for nearly 17 million deaths per annum according to the World Health Organization (http://www.who.int/cardiovascular_diseases/resources/atlas/en/). These statistics suggest a dire need for understanding the finer details of regulatory mechanisms maintaining the functions of the heart. The deep insight into the regulatory mechanisms of miRNAs which maintain the optimal dose of cellular proteins will provide a better approach than the traditional one. In this review, we summarize the therapeutic potential of miRNAs for treating cardiovascular diseases.

Biogenesis of miRNAs and their regulatory mechanisms
====================================================

MiRNAs can be derived from individual miRNA genes, introns of protein coding genes or polycistronic transcripts \[[@b20]\]. They are transcribed by RNA polymerase II or III into primary miRNA (pri-miRNA), which are several kilobases long, capped (MGpppG) and polyadenylated \[[@b23]\] ([Fig. 1](#fig01){ref-type="fig"}). The pri-miRNAs are processed in nucleus by RNase III enzyme Drosha and the dsRNA binding protein Pasha (also known as DGCR8), into a hairpin-shaped structure of 70--100 nucleotides called preliminary-miRNA (pre-miRNA). Some intronic miRNA precursors, however, bypass Drosha processing to produce miRNA by Dicer, possibly representing an alternative pathway for miRNA biogenesis \[[@b24]\]. The pre-miRNAs are transported from the nucleus to the cytoplasm by RAN-GTP-dependant nuclear export factor, exportin 5 \[[@b25]\] where they are processed by another RNase III enzyme, Dicer. Dicer processes pre-miRNA into a transient ∼18--24 nucleotide duplex. Out of two strands, one strand of miRNA duplex is preferentially retained in the complex that finally becomes the mature miRNA whereas the other strand, also called passenger strand or miRNA\*, is degraded and eliminated from the complex \[[@b26]\]. The mature single stranded miRNA is loaded into the miRNA associated multi-protein RNA induced silencing complex (miRNA-RISC) that includes the Argonoute (Ago) proteins \[[@b26]\]. If the 3′ UTR of target sequence precisely matches the miRNA, Ago-2 will bind to the RISC complex, but if there are mismatches, Ago-1 will bind to the RISC \[[@b27]\].

![Biogenesis of miRNA and its regulatory mechanisms: miRNAs are encoded from either intergenic regions or introns and sometimes more than one encoded miRNA shares the same transcript (polycistronic). The primary miRNA (pri-miRNA), an approximately 200 kilobases long, capped and polyadenylated transcript, is transcribed by RNA polymerase III (or II) from any of the above mentioned encoding regions of miRNA. The pri-miRNA from intergenic and intronic regions is shown in the upper panel and from polycistronic region is shown in the lower panel of pri-miRNA. Drosha (an RNase III enzyme) along with Pasha (a double strand RNA binding protein) processes pri-miRNA into approximately 70 nucleotide pre-miRNA by cleaving the 5′ cap and polyadenylated tail. The pre-miRNA is transported from the nucleus to the cytoplasm by RAN-GTP exportin 5. Dicer (another RNase III endonuclease) cleaves pre-miRNA into double stranded transient duplex miRNA (22 nucleotides). The double stranded miRNA dissociates into single strands, and only one strand is retained as mature miRNA and it binds to RNA induced silencing complex (RISC). The miRNA-RISC complex regulates the dose of a particular protein by either degrading the complimentary mRNA by using RNAi mechanism or by inhibiting the translational machinery of protein.](jcmm0013-0778-f1){#fig01}

Mature miRNA binds to complementary sites in the target to negatively regulate gene expression in two ways depending on its complimentarity to target sequence: (1) if sequence at 3′ UTR matches perfectly to target sequence, it will be cleaved and degraded by Ago2-RISC complex \[[@b28]\], and (2) if there is imperfect complimentarity, as in most situations in mammalian cells, it causes translational repression \[[@b30]\]. However, few investigations revealed that even imperfect base pairing of miRNA with its target sequence can lead to a decreased abundance of the mRNA \[[@b32]\]. Although the prediction of target of a particular miRNA is mainly dependant on Watson-Crick seed pairing, this approach is unable to predict the functional mismatched target sites of miRNA, suggesting the need for a more advanced miRNA target prediction tool \[[@b33]\].

MiRNAs in cardiovascular diseases
=================================

The profiling studies revealed a large number of miRNAs which are differentially expressed in heart failure pointing to the new mode of regulation of cardiovascular diseases \[[@b13]\]. Although there are dramatic changes (up-or down-regulation) of several miRNAs in pathological condition, it is not necessary that all miRNAs, which are aberrantly expressed, must be implicated in the disease. For example, cardiac-specific overexpression of miR-214, which is most highly up-regulated among the 24 miRNAs studied in three different types of human heart disease (ischemic cardiomyopathy, dilated cardiomyopathy \[DCM\] and aortic stenosis) \[[@b31]\], failed to induce cardiac phenotypes in transgenic mice \[[@b35]\]. On the other hand, knock down of miR-133 leads to cardiac hypertrophy \[[@b36]\]. The functional assay thus confirmed the role of several miRNAs in hypertrophy, fibrosis, arrhythmia, myocardial infarction (MI), heart failure and angiogenesis \[[@b11]\] ([Fig. 2](#fig02){ref-type="fig"}).

![Putative therapy of cardiovascular diseases through microRNomics: in cardiovascular diseases Dicer and several miRNAs are dysregulated in heart and shows differential expressions. The pathological condition can be ameliorated by either knocking down those miRNAs, which are up-regulated or enhancing those, which are down-regulated. Another strategy can be the use of stem cells to replenish the diseased cells by new cells. The miRNAs in stem cells can be used to direct them for differentiation to produce specific type of cells required for mitigating the pathology.](jcmm0013-0778-f2){#fig02}

MiRNAs in hypertrophy
=====================

Excessive cardiac workload leads to the enlargement of the heart (hypertrophy) in an endeavour to manage the increased haemodynamic demands, which ultimately leads to heart failure. It has two forms: (1) physiological, where the heart enlarges in healthy individuals following heavy exercise and is not associated with any cardiac damage, and (2) pathological where the size of the heart initially increases to compensate the damage to cardiac tissue but later on leads to decline in the left ventricular function representing an independent risk factor in heart failure \[[@b40]\]. Pathological hypertrophy is mainly caused due to hypertension, genetic polymorphisms and loss of myocytes following ischemic damage \[[@b41]\]. In addition to this, alterations in cardiac metabolism can also lead to hypertrophy \[[@b42]\]. Increase in the size of the heart develops in two ways: (1) concentric, which is caused by chronic pressure overload and leads to reduced left ventricular volume and increased wall thickness through addition of sarcomeres in parallel, and (2) eccentric that results due to volume overload and ultimately leads to dilation after thinning of the heart wall through addition of sarcomeres in series \[[@b43]\]. Hypertrophy is accompanied by an increase in the number of cardiac fibroblasts leading to fibrosis and myocyte loss. Myocyte loss leads to more workload \[[@b43]\] leading to enlargement of the heart and thus the vicious cycle of cardiac enlargement and myocyte loss continues causing heart failure. The whole process is regulated at fine level by different miRNAs such as miR-29, which is involved in fibrosis, and miR-133 and miR-195 which regulate the size of cardiomyocytes. Several miRNAs differentially expressed in cardiac hypertrophy \[[@b44]\] such as miR-1, miR-133, miR-29, miR-30 and miR-150 are down-regulated whereas miR-23a, miR-24, miR-125, miR-129, miR-195, miR-199, miR-208 and miR-212 are up-regulated \[[@b45]\]. The role of miR-21 in hypertrophy is controversial \[[@b4]\].

An interesting aspect of change in genetic profiling of miRNAs in failing heart is that it is reprogrammed as foetal genetic set up \[[@b46]\] which allows coordinated synthesis of proteins needed for increased myocyte size and adjustment to the altered energy demands of these larger cells \[[@b41]\].

MiRNAs in cardiac fibrosis
==========================

Ratio of collagen to elastin is crucial to maintain the extracellular matrix (ECM) in the heart. In failing heart, several structural remodelling occur, and one of them is the increase in matrix protein that enhances fibrosis. Connective tissue growth factor (CTGF), a key molecule involved in fibrosis, is shown to be regulated by two miRNAs: miR-133 and miR-30 \[[@b34]\]. Both miRNAs directly interact with 3′ UTR of CTGF and down-regulate its expression, which is accompanied by decreased production of collagen \[[@b34]\]. These exciting results suggest the involvement of miRNAs in structural heart disease. Another interesting study involving miRNA profiling at different regions of the heart after MI revealed that miR-29 is dramatically down-regulated in boarder zone flanking the infracted area \[[@b39]\]. Therefore, it is tempting to speculate that up-regulation of miR-29 can be a used as a good candidate for MI therapy. However, detailed analyses and characterization of individual miRNAs and their expression profiles especially associated with MI may provide a new window for concrete diagnosis and putative therapy of MI \[[@b47]\].

MiRNAs in arrhythmia
====================

Membrane excitability is a special feature of cardiomyocytes and it is maintained by ion channels, which are regulated by miRNA \[[@b4]\]. The three major intrinsic properties of cardiac excitability that are reflected through electric conductance of cardiac cells are auto-maticity (the measure of cells to generate spontaneous action potential), cardiac conduction (propagation of excitation within a cell and between cells) and membrane repolarization (property to determine the length of action potential and the effective refractory period) \[[@b48]\]. Arrhythmia is diagnosed with the help of electrocardiogram (ECG) which is composed of mainly PR interval and segment, QRS complex, QT interval, ST segment and the RR intervals. PR interval begins at the onset of the P wave and ends at the onset of QRS complex. PR segment represents the duration of the conduction from the atrioventricular node, down the bundle of His and through the bundle branches to the muscle. It detects atrioventricular blockade. The QRS complex begins at the Q wave and ends at the endpoint of the S wave. It represents the duration of ventricular depolarization. It diagnoses the aberrant conduction, ventricular ectopic beats, ventricular hypertrophy and electrolyte imbalance. The QT interval begins at the onset of the QRS complex and ends at the end point of the T wave. It reflects the duration from the depolarization to the repolarization of the ventricles. Although it varies with gender and age, it helps in detecting the ventricular ectopic beats and ventricular tachycardia. The ST segment begins at the end point of the S wave and ends at the onset of the T wave. It is normally isoelectric and represents the duration of relaxation of the atrial cells and contraction of ventricles. This segment diagnoses the myocardial ischemia because depression of ST segment occurs when the ventricles are starved of oxygen due to blocked of arteries. The RR interval indicates the time elapsed between the R wave of one heart beat and R wave of preceding heart. It detects the sinus node disease and supraventricular arrhythmias (http://www.cardionetics.com/cardiology/ecg-durations.php). Different categories of ion channels like Na^+^, Ca**^++^** and K**^+^** and connexin 43 (gap junction protein) are key players of membrane polarization and depolarization during contraction and relaxation of cardiomyocytes \[[@b48]\]. The aberrant genetic expressions of ion channel genes may cause channelopathies or dysfunction of the ion channels rendering perturbance in electrical conduction that may result in arrhythmias \[[@b49]\]. Intriguingly, almost all miRNAs showing differential expression during cardiac hypertrophy and ischemia, and also the muscle-specific miRNAs, are theoretically presumed to be involved in regulation of cardiac ion channel genes such as miR-23a, miR-29, miR-150, miR-193, miR-214, miR-185, miR-320, miR-351 and miR-494 \[[@b48]\]. During MI, miR-30 remarkably increases in expression whereas it decreases in cardiac hypertrophy \[[@b4]\], and it could theoretically regulate several ion channel genes including gap junction protein alpha 1 (GJA1) that encode connexin 43, calcium channel beta-2 (CACNB2) that is dihydropyridine-sensitive L-type calcium channel β subunit and potassium ion channel gene (KCNJ3), which is Kir3,1 or G protein-activated inward rectifier potassium channel (GIRK1) of acetylcholine sensitive K**^+^** channels \[[@b48]\]. Similarly, miR-195 that are up-regulated during cardiac hypertrophy \[[@b35]\] are predicted to regulate sodium channel (SCN)5A that encodes cardiac Na^+^ channel α-subunit, KCNJ2 that encodes Kir2.1 (a pore-forming α-subunit of inward rectifier K**^+^** channel) and potassium channel, voltage-dependent beta subunit (KCNAB)1, the β-subunit of Shaker-type voltage-gated K**^+^** channels \[[@b48]\]. There are empirical evidences that miR-1 that is involved in regulation of GJA1 and KCNJ2 causes arrhythmias \[[@b38]\]. There is up-regulation of miR-1 in individuals with coronary artery disease \[[@b38]\]. The overexpression of miR-1 in normal rat heart widens the QRS complex and prolongs the QT interval pointing to slowing of cardiac conduction, and causes membrane depolarization through a defective inward rectifier K**^+^** current, I~k1~. Further, ablation of miR-1 with an anti-sense inhibitor was sufficient to relieve arrhythmogenesis of infarcted rat heart \[[@b38]\]. After MI, two targets of miR-1 (KCNJ2 and GJA1) were found to be down-regulated in mice as well as samples from coronary artery diseased patients \[[@b38]\]. The apoptosis during MI causing arrhythmia \[[@b50]\] involves miR-1 and miR-133, the two muscle-specific miRNAs that share the same transcript. Interestingly both miRNAs produce opposite effects on apoptosis induced by oxidative stress in H9c2 rat ventricular cells; miR-1 is pro-apoptotic whereas miR-133 is anti-apoptotic \[[@b48]\].

In another study, it has been found that miR-1--2 knockout mice that survived to adulthood shows abnormal propagation of cardiac electrical activity \[[@b37]\]. These mice show normal anatomy and functions but had slower heart rate, a shortened PR interval, and a broadened QRS complex, indicative of bundle branch block associated with sudden death \[[@b37]\]. The plausible target of miR-1 in adult mice is Irx5 (Iroquois family of homeodomain-containing transcription factor), which regulates cardiac repolarization by repressing transcription of a key K**^+^** channel, Kcnd2 \[[@b37]\]. Recently, it has been shown that overexpression of miR-1 causes arrhythmogenesis by enhancing calcium release, and by selectively increasing phosphorylation of L-type and the ryanodine receptor channels by targeting PP2A regulatory subunit B56 \[[@b51]\].

MiRNAs in myocardial infarction
===============================

The coronary artery supplies blood to the heart muscle and its occlusion leads to MI. MI is accompanied by a pathological remodelling response that includes hypertrophy and fibrosis, and is a major cause of morbidity and mortality in human beings \[[@b52]\]. MI results in irreparable death of cardiomyocytes and remains as a scar at the site of infarct. It impairs contractility and causes arrhythmias \[[@b48]\]. The ECM is a dynamic microenvironment which bridges the endothelium to myocyte and contributes to adverse ventricular remodelling after MI by enhancing collagenase activity of matrix metalloproteinases (MMPs) \[[@b54]\]. At the site of infarct, the myofibroblasts (phenotypically transformed fibroblast like cells) mainly contribute to fibrous tissue formation \[[@b55]\]. Investigations on miRNAs after MI, which are dysregulated in mouse and human hearts, revealed that there is dramatic down-regulation of miR-29 in the region of fibrotic scar after MI \[[@b39]\]. MiR-29 negatively regulates a plethora of mRNAs involved encoding various collagens and other ECM proteins which are involved in cardiac remodelling after MI both *in vivo* and *in vitro*\[[@b39]\]. It further provides the mechanistic basis of cardiac fibrosis and suggests that enhancing miR-29 expression after MI may have therapeutic value associated with fibrosis \[[@b39]\]. In another study, it has been found that cardioprotective heat shock enhances the expressions of miR-1, miR-21 and miR-24 in the heart, and these miRNAs reduce the infarct size after ischemia-reperfusion injury suggesting the role of endogenous miRNAs in cardioprotection \[[@b56]\]. Recently, it has been shown in another ischemia-reperfusion study that miR-21 regulates MMP-2 expressions in infarcted zone of MI by phosphatase and tensin homolog pathways \[[@b57]\].

MiRNAs in heart failure
=======================

Due to hypertrophy and other pathological conditions, the heart cannot pump an adequate amount of blood to the body. This disease is called heart failure. In extensive miRNA profile of three human heart diseases -- ischemic cardiomyopathy, DCM and aortic stenosis with the normal heart -- it has been found that out of 87 miRNAs detected in the heart, 7 showed the same pattern of expression and more than half were differentially expressed in at least one disease group \[[@b31]\]. Interestingly, the miRNAs in foetal heart and failing heart expressed in similar patterns and this repro-gramming of foetal pattern in the failing heart provides a clue to progression of heart failure \[[@b46]\]. The regulation of calmodulin, a critical mediator of calcium signal in cardiomyocytes, by miR-1 provides another example of the critical role of miRNAs in heart failure \[[@b14]\]. Although investigating the precise function of miRNAs for a particular disease is complicated because of several targets of a single miRNA and regulation of single target by several miRNAs, their role in signalling pathways particularly in electrical conductance provide a tantalizing basis to speculate that it may be an important tool for future treatment of heart failure \[[@b58]\]. Empirical evidences, hitherto documented, clearly show that miRNAs are a potential therapeutic candidate for heart failure, and that future studies will define the exact pros and cons of use of microRNomics in prevention and cure of cardiovascular diseases.

MiRNAs in angiogenesis
======================

Neoangiogenesis after MI plays vital role in cardiac repair and maintaining normal myocardial vascularization. Vascular endothelial growth factor (VEGF) and fibroblast growth factor (FGF) are angiogenic growth factors required for generation of new blood vessels after MI. To maintain vascular integrity after MI, endothelial-specific miR-126 acts on mitogen-activated protein kinase signalling downstream to VEGF and FGF. Up-regulation of miR-126 favours angiogenesis enhancing cardiac repair after MI whereas miR-126 knockout mice either die during embryogenesis or if alive are prone to cardiac rupture following MI due to impaired neovascu-larization \[[@b11]\]. The implications of miRNAs in regulating various aspects of angiogenesis may be utilized in novel therapeutic approaches for diseases where insufficient or excess vasculature are involved \[[@b59]\].

MiRNAs in diabetic cardiomyopathy
=================================

Diabetes is a physiological condition where glucose level goes high due to defects in insulin production, secretion and its signalling \[[@b61]\]. Diabetes may be caused either due to self-destruction of the pancreatic β cells (type 1 diabetes) or due to defects in insulin production or action (type 2 diabetes) \[[@b61]\]. Interestingly, both types of diabetes are associated with secondary complications and cardiac dysfunction is a most common manifestation of type 2 diabetes \[[@b61]\]. The pancreatic β-cells that produce insulin are regulated by miRNAs \[[@b62]\] and particularly miR-375 that regulates insulin secretion negatively by targeting myotrophin \[[@b62]\]. Myotrophin acts as a transcriptional activator of [NF-]{.smallcaps}~κ~[B]{.smallcaps} in cardiomyocytes that is associated with cardiac hypertrophy \[[@b64]\]. However, the first miRNA reported to be differentially expressed in diabetic heart is miR-133, and it plays key role in a long QT syndrome (LQTS) \[[@b65]\] and cardiac hypertrophy \[[@b36]\]. Mir-133 represses expression of human ether-a-go-go related gene that is associated with LQTS and encodes a cardiac potassium channel responsible for rapid delayed rectifier K**^+^** current (IKr) \[[@b66]\]. Nevertheless, it is noteworthy that overexpression of miR-133 induces LQTS whereas down-regulation of miR-133 leads to cardiac hypertrophy in diabetic heart, and the significance of this intriguing regulation remains to be determined \[[@b67]\]. The role of miR-29 in both hyperglycemia and hyperinsulinemia \[[@b68]\], and its association with cardiac fibrosis \[[@b39]\] tempted us to speculate that it may be another potential candidate for future studies in diabetic cardiomyopathy.

MiRNAs in antherogenesis
========================

Antherogenesis, also called atherosclerosis, is defined as a process of forming atheromas, plaques in the inner lining of arteries, and it has been established as a chronic inflammatory disease \[[@b69]\]. The low-density lipoprotein (LDL) when oxidized by oxygen free radicals (reactive oxygen species) and coming into contact with arterial wall, causes atherosclerotic lesions leading to increase in endothelial permeability and adhesiveness \[[@b70]\]. In response to the damage to the artery wall and endothelial dysfunction, the immune system responds by recruiting white blood cells (macrophages and T-lymphocytes) to adsorb the oxidized-LDL. The oxidized LDL molecule is globular shaped with a hollow core for carrying cholesterol. It is not processed by white blood cells that ultimately grow and rupture releasing cytokines and chemokines, which in turn trigger more white blood cells and the cycle continues. The complications of advanced atherosclerosis are chronic, slowly progressive and cumulative, and result in thrombosis that decreases or stops blood flow. The coronary thrombosis causing heart attack (MI) and thrombosis in the arteries to the brain causing stroke are deadly forms of the disease. This vascular inflammation process is also regulated by miRNA \[[@b71]\]. The vascular cell adhesion molecule 1 (VCAM-1) that mediates leucocyte adherence to endothelial cells is regulated by miR-126 \[[@b71]\]. The decrease in expression of miR-126 increases TNFα-stimulated VCAM-1 expression, which in turn enhances adherence of leucocytes to the endothelium \[[@b71]\]. Another candidate miRNA that regulates the neointima lesion formation is miR-21, which if down-regulated causes decrease in neointima formation in rat carotid artery after angioplasty \[[@b72]\]. Recently, miR-155 have been implicated in down-modulating the inflammatory cytokine production in response to lipopolysaccharides in human monocyte-derived dendritic cells \[[@b18]\].The association of miR-155 in regulation of angiotensin II type 1 receptor **+**1166 A/C polymorphism \[[@b73]\], inflammatory response \[[@b74]\] and endotoxin shock \[[@b75]\] makes it a very promising therapeutic candidate for inflammatory diseases.

Role of Dicer in cardiomyopathy
===============================

The fact that Dicer is biologically important for maturation of all miRNAs has been established in various cell types including embryonic stem cells \[[@b76]\], germline cells \[[@b77]\] as well as specialized cell types, such as pancreatic islet cells \[[@b78]\], immune cells \[[@b79]\], neural cells \[[@b80]\] and endothelial cells \[[@b81]\]. In order to understand the global role of miRNAs in cardiovascular diseases, a new approach developed where Dicer was knocked out. It resulted in death at embryonic day 12.5 with hearts displaying pericardial oedema and an insufficiently developed ventricular myocardium \[[@b37]\]. There was up-regulation of those genes that were activated after cardiac stress in the adult heart \[[@b37]\]. In another study Dicer was depleted in 3 weeks (young) and 8 weeks (adult) mice to understand its effect on postnatal cardiomyocytes \[[@b82]\]. It has been found that in the cardiomyocytes of young mice there was only a mild form of ventricular remodelling, and mice died due to sudden cardiac death within 1--2 weeks, probably due to arrhythmias \[[@b82]\]. In contrast to that, adult mice survived for the monitored time but displayed severe heart failure with all typical characteristics (ventricular enlargement, myocyte disarray, cardiac hypertrophy, fibrosis, etc.) \[[@b82]\] suggesting the temporal role of Dicer in cardiomyopathy. It is also vital for normal angiogenesis \[[@b83]\] and endothelial cell function \[[@b81]\].

Functional studies show that cardiac-specific knockout of Dicer leads to rapidly progressive DCM, heart failure and postnatal lethality \[[@b44]\]. The contractile proteins were misexpressed and there was profound sarcomeres disarray in Dicer mutant mice \[[@b44]\]. An important caveat is that Dicer expression decreased in end-stage human DCM and in failing heart but significantly increased in those hearts which were assisted with left ventricle assist devices to improve cardiac functions \[[@b44]\], suggesting that Dicer/ miRNAs play critical roles in both normal cardiac functions as well as under pathological conditions. Further, increase in Dicer expression generating abundant miRNAs during compensatory phase of heart failure and decrease in Dicer expression in decom-pensatory/end stage/failing heart indicates that cardiac functions are highly regulated by Dicer in spatiotemporal manner.

MiRNAs -- a new strategy for treatment of cardiovascular diseases
=================================================================

MiRNA -- an innovative therapeutic approach
-------------------------------------------

Despite tremendous efforts in the traditional approach to reduce mortality by heart disease, there is high rate of mortality and increasing number of morbidity. Therefore, it poses a great challenge to the therapeutic strategy adopted until now. In the traditional method of drug design involving enzymes, cell surface receptors might not bring much success in treatment of cardiovascular diseases due to the high sensitive nature of the heart. In this dismaying scenario, the discovery of an entirely new method of regulation by miRNAs, and their validation as markers and modulators of cardiac remodelling during pathological conditions engendered a new hope for innovative therapy. Recent investigations on the regulation of cellular response to stress \[[@b35]\], cardiac and disease development \[[@b85]\] and the reprogramming of foetal gene expression during heart failure \[[@b46]\] point to the major involvement of miRNAs in heart diseases. The fact that overexpression of single miRNA, miR-195, can induce pathological cardiac hypertrophy and failure \[[@b35]\] indicates the power of individual miRNA in regulating the coordination of target genes involved in complex physiological and disease phenotypes. The most important difference between microRNomics and traditional approach of therapy is that traditional drugs have specific cellular targets whereas miRNAs modulate the entire functional network \[[@b86]\].

MiRNAs in stem cell therapy
---------------------------

MiRNAs are also involved in regulation of stem cell division \[[@b87]\]. The role of miRNA in regulating mesenchymal stem cell-derived neuronal cells \[[@b88]\] and in other cell functions has been documented \[[@b89]\]. Embryonic stem cells are pluripotent (having capability to form any type of cell in the body) and four master transcription factors, namely Oct3/4, Sox2, Klf 4 and c-Myc, are reported to reprogram the differentiated somatic cells into pluripotent stem cells \[[@b90]\]. It is a milestone discovery for stem cell therapy because it will facilitate creating patient- and disease-specific stem cells. Additionally, understanding the role of miRNAs in regulating these transcription factors and manipulating them for stem cell differentiation into a specific type of cell will improve stem cell therapy. Human embryonic stem cells, cardiac progenitor cells, adult stem cells from bone marrow, mesenchymal stem cells and several other cells have been used in experiments for improving MI by replacing dead cardiomyocytes with healthy ones \[[@b91]\]. Although the success in transplantation of stem cells in the heart is promising and the delivery vectors for treatment of the heart is improving \[[@b92]\], stem cell therapy still needs several improvements for translation from bench to bed side. A problem with mesenchymal stem cell engraftment was formation of bone and cartilage in the heart after transplantation \[[@b93]\]. The microenvironments at the region of engraftment of stem cells are very important and it may cause differentiation of stem cells into unwanted cell types (teratomas). The immunogenic reactions of the host, the successful integration of engrafted stem cells to the infarction zone in case of MI, and the coupling of contractility of transplanted stem cells to the host cardiomyocytes in case of arrhythmia are indispensible issues to be addressed for successful stem cell therapy. MiRNAs may play a crucial role in resolving these issues. The combined approach involving Dicer and miRNAs in host cells, and miRNAs in engrafted stem cells can be used as better strategy for future therapy of cardiovascular diseases.

A new candidate in microRNomics
-------------------------------

A distinct type of cell is reported in myocardium called interstitial Cajal-like cells (ICLC) \[[@b94]\] which are speculated to be progenitor/stem cells in myocardium and are expected to be a therapeutic target of regenerative cardiovascular medicine \[[@b96]\]. Although the function of ICLC is yet to be established, their putative therapeutic potential will make them a promising candidate to be included in microRNomics.

Therapeutic challenges and their remedies
=========================================

Since the first discovery of miRNA lin-4, which target lin-14 during temporal pattern formation in *Caenorhabditis elegans*\[[@b97]\], and their use in genetic manipulation to silence mRNA by RNA interference \[[@b98]\], a large number of miRNAs have been discovered that regulate cardiac functions. However, the major challenge in the functional studies of miRNAs is the fact that each miRNA has a large number of targets and each gene can also be regulated by several different miRNAs \[[@b99]\]. Additionally, the recent findings that miRNAs can also stimulate translation of mRNAs \[[@b100]\] and regulation of one miRNA by another \[[@b101]\] makes the understanding of functional aspects of miRNAs more complex. Nevertheless, the development of several tools for either to overexpress miRNAs in specific tissues \[[@b102]\] or to block the function of individual miRNAs \[[@b103]\] will facilitate the future investigations of tissue-specific roles of individual miRNAs.

To pinpoint the role of a specific miRNA in a particular time and condition requires focused pursuit on alteration of expressions of that miRNA in different stages of the cardiovascular diseases. Investigations on Dicer expression in different age groups' heart failure \[[@b82]\], and comparison of genetic profiles of foetal, adult and failing heart \[[@b46]\] are pioneer works in materializing this approach.

The general strategy of therapy is to reverse the pathological changes that resulted due to disease. Therefore, those miRNAs, which are up-regulated in pathological conditions should be knocked down and those down-regulated must be supplied from outside to cure the disease. In the case of miRNA therapy to cardiovascular diseases, this approach is feasible by supplying antagomiRs (synthetic reverse compliments of oligonucleotides) that bind to the up-regulated miRNA, and silence it or using miRNA mimics that act in similar way as miRNAs and enhance the expressions of down-regulated miRNAs \[[@b105]\]. However, there are practical limitations to this approach due to our limited understanding about the implications of these methods on biological functions at cellular level and on overall genetic set up. Nevertheless, miRNA biology can contribute to the identification of new disease targets and personalized strategies for heart failure patients, and a few miRNAs may become therapeutic targets for heart failure \[[@b106]\].

Mode of delivery of miRNAs
--------------------------

The mode of delivery of miRNAs will play significant role in therapy. For treatment of heart disease, which is entering phase II/III clinical trials, the major challenge is to improve the efficacy of gene delivery vectors to the target tissue \[[@b92]\] There are several approaches for delivery of intact gene to the nucleus of cells in the target tissues: (1) non-viral DNA delivery where plasmid DNA is directly injected into the myocardium. It is a safe method, and minimizes the complications raised due to insertional mutagenesis and immunogenicity of viral carrier \[[@b92]\]. However, it is less preferred because (*i*) the efficiency of uptake of plasmid DNA by target tissue is much less as in case of coronary infusion where the injected DNA is cleared by blood flow \[[@b107]\], and (*ii*) it requires invasive delivery techniques \[[@b108]\]. (2) Adenoviral and adeno-associated virus vectors acted better than the non-viral DNA because of their more efficient delivery \[[@b109]\]. Adenovirus vectors in particular are approved for clinical trials and have extensive data from several phase II/III clinical trials for cardiac gene therapy \[[@b112]\]. Nevertheless, they create high immunogenicity and need further evaluation *via* clinical trials. (3) For cardiac gene therapy, lentivirus particularly those that derived from HIV type 1 (HIV-1) are emerging candidates \[[@b92]\]. Although, the main safety concern with these vectors is their chances of homologous recombination producing wild type HIV \[[@b113]\], designing of new lentivirus where U3 promoter region of the long terminal repeats are deleted (self inactivating lentivirus) resolved this issue \[[@b114]\]. The success in current form of lentivirus vector \[[@b115]\] is making it a promising vector for future cardiac therapy.

For miRNA delivery, there can be two approaches: (1) Direct delivery of miRNA mimics (oligonucleotides) or antigomirs for enhancing and blocking the expression of a particular miRNA, respectively. For example, expression of miR-30c and miR-133 is inhibited by their antigomirs in cardiac myocytes \[[@b34]\]. Interestingly this approach resembles pharmacological intervention and there is no immunogenic safety issue as happened with most delivery vectors as mentioned above. However, the major drawback is repeated delivery of doses required for therapeutic effect, which become a critical issue when the route of delivery is an invasive procedure \[[@b92]\]. (2) The second approach is to use gene delivery vectors expressing the miRNA mimics or antigomirs to cardiomyocytes. The use of lentivirus for the overexpression of miR-133b in isolated rat cardiac fibroblast has been recently reported \[[@b34]\]. This approach will further simplify the delivery of several miRNA mimics/antagomiRs at single dose due to small size of miRNA coding sequence, and would allow external drug-mediated regulation of expression \[[@b92]\]. Nonetheless, this approach includes the entire disadvantage mentioned above for other gene delivery vectors. The detailed understanding of the biology of miRNAs and optimization of gene delivery vectors would determine the future of miRNAs in therapy.

Role of microenvironment
------------------------

The microenvironment of target tissue has a great impact on desired therapeutic outcome after miRNA delivery. The result from *in vitro* experiments where the microenvironments are controlled by the researcher may not perfectly match with the *in vivo* results where transplanted gene/miRNA are exposed to a dynamic microenvironment of the host \[[@b116]\]. From therapeutic point of view, creating the *in vitro* models that mimic the local milieu of the target tissue and pursuing experiments in that microenvironment to understand the ill effects of the gene/miRNA at *in vivo* condition will be of tremendous help to assess the tentative causes that impede the desired therapeutic outcome \[[@b116]\]. Additionally, this approach will increase the chances of success of the gene/drug/miRNA during clinical trial. Microenvironment has tremendous effect on the expression of apoptotic genes. Several miRNAs are involved in regulation of cell differentiation, proliferation and death \[[@b117]\], and depending on the microenvironment some of them cause cell proliferation (cancer) even though they are involved in regulation of cell death (apoptosis) \[[@b122]\].

MicroRNomics approach to cardiovascular therapy
===============================================

There can be two approaches for investigating miRNAs in cardiovascular therapy: (*i*) at individual miRNA level and (*ii*) at global level where Dicer expression plays a key role. In the first approach, the major challenge is to understand the detailed mechanism involved in regulating expression of a specific miRNA in spatial and temporal manner specifically in pathological conditions. In addition to that it is essential to know how many targets are regulated by that specific miRNA, and how other miRNAs are influencing that target. Nonetheless, the detailed dissection of transcriptional and translational modifications of individual miRNA in different stages of pathology can provide many opportunities to manipulate individual miRNA for therapy. The second approach seems easier as it is broad and does not require the finer dissection of mechanistic regulation of individual miRNAs. Increasing the dose of Dicer can increase processing of all miRNAs required to reverse heart failure conditions. The large number of miRNAs will maintain the regulatory network layer and regain the optimal dose of proteins required for the normal heart functions. Till now, the only known function of Dicer is in the maturation of miRNAs. However, taking into consideration the infancy of microRNomics, we cannot rule out its other functions. Therefore, manipulating the Dicer expression for therapy of cardiovascular diseases should be investigated with caution. Other aspects of therapy include better methods of delivery of antagomiRs and miR mimics for knocking down and overexpression of miRNAs, respectively. The delivery method should be non-toxic, specific and should not influence other normal biological processes \[[@b92]\].

Although recent investigations are focusing on miRNAs in cardiomyocytes for cardiovascular diseases, the surrounding structures like smooth muscle layer, endothelium and ECM might be contributing significantly to the pathology. For example, ECM plays a pivotal role in cardiac remodelling \[[@b123]\] that leads to heart failure. Therefore, for complete understanding of cardiac pathology and for its better treatment, we must explore the involvement and mechanisms of action of miRNAs regulating ECM, endothelium and smooth muscle layers.

In conclusion, the discovery of differential expression of miRNAs causing gain and loss of function leading to cardiovascular diseases has provided an exciting new hope for its use in therapy. However, understanding the detailed molecular mechanisms underlying spatiotemporal miRNA expression, analysing the different targets of a single miRNA and regulatory mechanisms of different miRNAs on the same target, and optimizing the successful delivery of miRNAs to the target site will be the major challenges ahead which would determine the therapeutic potential of miRNAs for cardiovascular diseases.
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